| INTRODUCTION
Nerves are critical regulators in the prostate. They are involved in the embryologic development of the pelvic floor 1,2 as well as the homeostasis of the non diseased prostate. [3] [4] [5] [6] [7] [8] [9] [10] Nerve-regulated functions are also important for wound repair and tissue homeostasis. [11] [12] [13] Nerves in the prostate peak in young adulthood, and then decrease with age. [14] [15] [16] Nerves and blood vessels co-evolve developmentally and are important components of the tumor microenvironment, along with carcinoma-associated stromal cells, matrix factors, and immune components. Nerves exhibit inductive and trophic functions during development and in adult tissues. Nerve-regulated functions are also important for wound repair and tissue homeostasis. We previously demonstrated that cancer cells induce axonogenesis/neurogenesis 17 and that the nerve-cancer interaction in perineural invasion results in a survival advantage for cancer cells. 18, 19 Accordingly, interactions between nerves and cancer cells likely affect the rates and patterns of cancer aggressiveness, although this has not been directly studied in vivo. Addressing the functional significance of nerve-cancer interactions and identifying the mechanisms of these interactions may lead to new therapeutic approaches to target the neural niche in the cancer microenvironment.
Nerves in the host tumor microenvironment have emerged as key modulators of cancer progression. 20, 21 Our group has previously demonstrated that prostate cancer (PCa) induces axonogenesis and neurogenesis. This process starts at the level of the preneoplastic highgrade prostatic intraepithelial neoplasia (HGPIN). 17, 22 PCa-induced neurogenesis is regulated, at least partly, by semaphorin 4F. 23 Furthermore, nerve-cancer interactions during perineural invasion (PNI) results in a survival advantage for cancer cells. 18, 19, 24, 25 These phenomena have been demonstrated in many other cancer types, [26] [27] [28] [29] demonstrating that nerves have a fundamental role in cancer progression. Addressing the functional significance of nerves and identifying the mechanism by which they influence cancer cell growth may lead to therapeutic approaches that target the neural niche in cancer.
This study confirms that interactions between human cancer and nerves are essential to normal epithelial homeostasis and cancer progression. A human proof-of-principle neoadjuvant Botox chemical denervation clinical trial validates that targeting nerves can be used as a treatment strategy for cancer. This work may make a major impact in general cancer treatment strategies. We believe that our findings are seminal, extensive, and describe a previously unknown biological mechanism underlying prostate cancer pathogenesis that is likely to be relevant to other neoplastic disorders.
| MATERIALS AND METHODS

| Cell lines
VCaP cells that had previously been engineered to express luciferase 7, 30 were provided by Dr. Michael Ittmann on passage 10. They were tested for mycoplasma. These cells were maintained in 1× DMEM supplemented with 1% FBS and 1 μg/mL puromycin as an antibiotic/antimycotic. VCaPluc cells can continuously express the luciferase gene. Experimental procedures were conducted under anesthesia with continuous oxygen flow enriched with 1.5-3% isofluorane (3% for induction and 1.5% for maintenance).
NIH-Foxn1rnu nude rats were divided into seven groups of 10 animals.
1. Unilateral Botox chemical denervation prior to VCaP-luc injection.
Bilateral chemical denervation via Botox prior to VCaP-luc injection.
3. Control vehicle saline injections prior to VCaP-luc injection (control for previous two groups).
4.
Unilateral physical denervation, prior to VCaP-luc injection through major pelvic ganglia [MPG] excision, 1 week prior to orthotopic injection.
Bilateral physical denervation (MPG excision).
6. Sham surgery prior to VCaP-luc injection (control for previous two groups).
7.
No treatment (VCaP-luc injection only).
| General Surgical Procedure
For all groups, an identical surgical procedure was followed. The lower abdominal region of each animal was shaved and disinfected (Betadine   ®   ) .
On day 0, a lower transverse abdominal incision was made. The bladder, prostate lobes, and ductus deferens were carefully dissected. The anterior, lateral, and dorsal lobes of the prostate were exposed and separated from the surrounding tissue, followed by the injection of cells and/or physical denervation as described below. Skin was closed using surgical clips. Rats were provided buprenorphine as a postoperative analgesic and monitored daily for signs of infection and morbidity.
| Physical Denervation
After exposure of the prostate, the ductus deferens was carefully moved off the lateral lobe to access the MPG on the lateral aspect of COARFA ET AL.
| 129 the dorsal lobe. The MPG was located and dissected on one (for unilateral denervation) or both sides (for bilateral denervation) by identifying its four main branches and accompanying vessels before it was excised to ensure complete physical denervation on that side and minimize damage to vessels. Homeostasis was carefully maintained during the procedure. For validation, the removed MPGs were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned, and evaluated histologically to confirm complete excision and hence denervation. As a control, all steps prior to the actual MPG excision were mimicked in the sham surgery group.
| Chemical denervation
Botox was reconstituted in 0. 
| Autopsy and tissue analysis
We selected histologic image analysis quantitation as our endpoint due to unreliable IVIS imaging results due to size of the animals and depth of the prostate. Postoperatively, the rats were monitored daily. Lower abdominal palpation of the prostate was performed weekly starting 3 weeks after VCaP-luc inoculation to monitor tumor progression.
Palpable tumors were observed starting in the 7th week after inoculation. All animals were subsequently sacrificed at 7 weeks.
The prostate of each animal was dissected, excised, weighed with and without the seminal vesicles and bladder after separation, and processed for histopathology and RNA extraction as described below.
| Histologic examination and image analysis
Prostate tumors were sectioned following the largest axis of the tumor in halves. One section was fixed with optimal cutting temperature compound (Tissue-Tek ® ), deposited in nitrogen liquid, and stored at −20°C, and the matching half was fixed in 10% buffered formalin overnight at room temperature and processed for histopathology and immunohistochemistry. Sections from both the paraffin embedded and the frozen tissues were stained with hematoxylin and eosin. Slides were fully imaged using the Trestle system. Tumors were mapped on the slides and area of tumor was analyzed using NIH image J measured in pixels. These cells were maintained in DMEM supplemented with 10% FBS and 1 ug/mL puromycin.
Two hundred and twenty five nude mice weighing 28-31 g (at age of 11 weeks) were divided into five groups:
1. Saline + Vcap-luc (control, n = 45) as control for groups 2 and 3;
(final n = 32 mice).
2. Botox + Vcap-luc (n = 50); (final n = 30 mice).
3.
Bilateral Botox + Vcap-luc (n = 50); (final n = 32 mice).
4.
Spinal cord injury + Vcap-luc (n = 40); (final n = 17 mice). To access the abdominal cavity, a transverse incision was made and the major genitourinary organs identified. Botox were slowly injected into one ventral lobe (group 2) or both ventral lobes (group 3, bilateral Botox injection, 10 uL/lobe), using a 30 gauge needle and precise glass syringe with caution to avoid extra-prostatic leakage during the injection. The same technique was used to inject saline (group 1), which is the vehicle for Botox. Skin and abdominal muscle was closed with surgical staples.
Using the assistance of a surgical microscope, T8-10 laminectomy and spinal cord resection was performed in group 6 as surgically induced spinal cord injury, and thus denervate at the prostate. Immediately after the procedure, paraplegia of both hind legs was confirmed. Rodent food and hydro-gel (in petri dish) was given at cage floor for easy reach, and cages were changed daily to keep the cage clean.
Two weeks after the first surgery, 1 million of VCaP-luc cells in 15 uL PBS (groups 1, 2, 4, and 5) were slowly injected into right ventral lobe (groups 1, 2, 4, and 5) or both ventral lobes (groups 3, 10 uL/per lobe), using a 30 gauge needle, following the same injection technique described above.
Two other additional groups were performed to address hormonal influence:
1. Castration.
2. Castration + Bilateral Botox.
Bilateral orchiectomy was performed on mice in groups 3 and 4 for surgical castration. Using the assistance of a surgical microscope, T8-10 laminectomy and spinal cord resection was performed in group 6 as surgically induced spinal cord injury, and thus denervate at the prostate. Immediately after the procedure, paraplegia of both hindlegs was confirmed. Rodent food and hydro-gel (in petri dish) was given at cage floor for easy reach, and cages were changed daily to keep the cage clean.
| Imaging and quantification of bioluminescence data
Tumor growth was assessed at 3 and 6 weeks after Vcap-luc injection using the IVIS imaging system (Xenogen, Caliper Life Sciences). Mice were anesthetized with a mixture of 1.5% isoflurane/air using an 
| Autopsy
Mice were sacrificed at 7 weeks after Vcap-luc injection and prostate, tumor and seminal vesicles were weighed and recorded. Prostates were examined for gross and histopathologic presence of tumor.
Differences in mean tumor size and image signal were analyzed by t-test.
| Laser-capture Microdissection of Human Prostate Tumors
Tissues were laser captured from three sources:
1. Rat tissues.
2.
Human tissues from two of the patients treated with Botox (saline side and Botox side separately). In all groups, we laser captured the normal epithelium, the cancer and the stroma. Frozen sections (8 μm) were prepared with a cryostat from tissue cores of normal and cancerous areas of fresh, unfixed prostatectomy specimens. Frozen sections were placed on noncharged glass slides and stored at −80°C before use. Slides were stained and dehydrated according to the manufacturer's protocol.
Laser-capture microdissection was performed using a Pixcell II lasercapture microdissection microscope (Molecular Devices). Approximately 4,000-8,000 laser pulses of PCa and normal prostate tissues were captured on 2-3 caps (1,500-1,500 spots).
2.12 | Total RNA extraction-amplification and cDNA microarray analysis
Total RNA was extracted from frozen section slides by laser-capture microdissection of epithelium, stroma, and tumor compartments of rat and human tissues using a PicoPure RNA Isolation Kit (Molecular Devices). RNA was then amplified using a RiboAmp TM RNA Amplification Kit (Two rounds). The cDNA reverse transcription and fluorescent labeling reactions were performed using the Invitrogen SuperScript Plus Direct cDNA Labeling System with Alexa Fluor S ′-Aminohexylacrylamido-dUTP (Invitrogen). The cDNA microarray was performed as previously described. Four weeks later, a radical prostatectomy was performed following standard clinical practices. Tissues were processed using standardized methodology and frozen tissues obtained from the right and left peripheral and transition zones. The residual tissues were processed in formalin and embedded in paraffin to study biological endpoints.
| Human tissue studies
The TUNEL assay for apoptosis was performed using the ApopTag Peroxidase InSitu Apoptosis Kit (cat S7100, Millipore). Immunohis- 3 | RESULTS
| Denervation effects on non-neoplastic prostate epithelium
We assessed the effects of denervation on the homeostasis of non- (FDR corrected P-value <0.10) ( Figure 1F ). These findings suggest a shut down in glucose utilization and a potential dependence on gluconeogenesis upon Botox treatment.
| Prostate denervation results in reduced tumor incidence and size in rodents
To address the functional significance of neural input to primary PCa, we denervated prostates in experimental rat and mouse orthotopic VCaP models. Quantitative image analysis of histologic sections demonstrated that bilateral denervation methods resulted in a significant reduction in tumor size (P = 0.0196) (Figures 2A and 2B) . Additional experiments were performed using a VCaP-luc orthotopic model in nu/nu mice. Botox or saline (vehicle control) were injected uni and bilaterally. Chemical denervation was used to exclude vascular influence. Spinal cord injury (physical denervation) was compared to naïve VCaP-luc injection. Unilateral Botox injection reduced luciferase luminosity detection at 6 weeks (P = 0.0005). Bilateral Botox injection reduced luciferase detection both at 33 weeks (P = 0.01) ( Figure 2D ) and 6 weeks (P = 0.0007) ( Figure 2E ), and decreased overall prostate weight (P = 0.001) ( Figure 2F ). Spinal cord injury decreased tumor incidence as measured by gross (P < 0.001) and histologic examination (P = 0.0004), luciferase detection at 3 weeks (P = 0.0002) (Figures 2A,   2H , and 2I), and prostate weight (P< 0.0001) ( Figure 2F ).
Mice were subjected to bilateral orchiectomy alone or with bilateral botox denervation or spinal cord injury. We did not identify significant differences between bilateral botox denervation and spinal cord injury and castration ( Figure 2G ). As to combined therapies, we did identify significant difference between bilateral botox denervation plus castration versus bilateral botox denervation alone, but not with spinal cord injury. This suggests that there is an opportunity for combined therapies or the improvement of combined therapies to address both the hormonal and the neural axis.
| Denervation with Botulinum toxin results in increased apoptosis in human PCa
As an initial translational and proof-of-concept study, we evaluated tissues from four patients enrolled in a Phase I clinical trial to assess the effects of Botox injections on biological endpoints (NCT01520441).
Patients with bilateral Gleason = <7 tumors received unilateral Botox injections (100 U in a 2.0-mL volume) and vehicle control injection into the contralateral lobe ( Figure 3A) . Examination of tissue removed at the time of prostatectomy revealed marked morphologic changes on the Botox-injected side, with extensive cancer atrophic and degenerative features, reduced cytoplasm, and pyknotic nuclei ( Figures 3H, 3I , and 3L), as compared to features in the saline-injected cancer tissues ( Figures 3H and 3I) .
A significant increase in apoptosis was observed in both nonneoplastic epithelium (P ≤ 0.0001) ( Figure 3B ) and PCa tissue (P = 0.0020) ( Figure 3C ) following Botox treatment. The findings in the non neoplastic tissues were expected based on our previous findings. Apoptotic cancer cells were also identified in regions of perineural invasion ( Figure 3K ). No significant changes were observed in the proliferation, as assessed by Ki67 staining. Nerve density was lower in the Botox-injected compared to the control prostate lobes in both the normal epithelium (P ≤ 0.0001) ( Figure 3D ) and in tumor tissue (P = 0.0293) ( Figure 3D ). Microvessel density was slightly decreased in normal tissues (P = 0.0015) ( Figure 3F ), but was increased within tumor tissue (P ≤ 0.0001) ( Figure 3G ).
We did not find a small cell phenotype, or an increase in neuroendocrine markers in our transcriptomic analysis of Botox treated tissues. However, due to the short period of time between
Botox injection and the prostatectomy, we do not believe that this data is definitive.
| Transcriptomic changes in denervated PCa, across species
We evaluated the transcriptomic profiles of laser-captured human Figure 2C and Figure S3 ).
These data show that a similar gene expression signature can be recognized in mice and humans upon denervation through both chemical and physical methods, suggesting that the effect of nerves on epithelium and cancer tissue is a fundamental biological phenomenon.
| DISCUSSION
Previous studies have identified that adrenergic receptors are vital to the development of prostate cancer 20 and of metastatic potential in breast cancer 36 and that beta-2 adrenergic receptors and Her2 are part of a positive feedback loop in human breast cancer cells. 37 In vivo experiments in an orthotopic prostate cancer PC3 model demonstrated that metastasis can be reduced through beta blocker therapy. 38 Furthermore, clinical trials indicate that patients undergoing adrenergic receptor blockade for benign prostate hyperplasia have a lower incidence of prostate cancer than the general population. 39 However, most of this work focuses on molecules, that can be produced by cancer cells and/or excreted by nerves. In contrast, our previous work has specifically explored the relationship between that prostate cancer cells and nerves. PCa induces axonogenesis and neurogenesis and that this process is associated with a more aggressive disease phenotype. 17 Moreover, perineural invasion provides a survival advantage to cancer cells. 18, 19 The studies presented in this article demonstrate the functional Nerves provide a fundamental trophic effect not only on PCa cells, but also on non neoplastic prostate epithelium, both at the levels of translation and bioenergetics. Nerves are necessary in wounding re-epithelialization, which is impaired following denervation. 11, 12 Furthermore, during development, the formation of the mouse pelvic floor is regulated by the androgendependent survival of a neuronal nucleus in the lower spinal cord. 1 Therefore, the effects of nerves on epithelial cells are not exclusive to cancer, as demonstrated by our data. We believe that this process is exploited by cancer.
In conclusion, it is likely that neural axis is a major pathway of homeostasis in prostate cells and tissue. It follows that this is hence, a major mechanism that also regulates cancer cell survival, translation, metabolism, and progression. The neural axis is critical for epithelial and cancer regulation. We foresee potential neurotoxin applications in several therapeutic windows: as a preventive strategy for preneoplastic lesions; local therapy for low risk tumors; adjuvant to surgery (in the biopsy cavity), to reduce recurrence rates; in combination with chemo or targeted therapies; or neoadjuvant to radiation therapy or surgery in large tumors with high probability of recurrence. Combination therapies with anti-androgen therapy need to be explored, as nerves and androgens such as testosterone have been shown to interact. 40 Furthermore, it is likely that nerveepithelial interactions occur in a wide variety of cancers. 26, 28 Hence, the use of neurotoxins should be evaluated in other carcinoma models. 
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